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TABLE 3.-IUumination eqiiivalent of a gram-calory per minute per 
square centimeter of radiation with the sun at different zenith 
distances -- 

Air 
Solar mdth distanca _ _ _ _ _ _ _ _  25’ 47.3O 8Q 0’ ,G7. Go ,70. io 73. Go ,75. io 77.4’ 

. . . . . . . . . . . . . . . . . . . .  I 1.1 I 1.5 I 2.0 1 2.5 1 3.0 1 3.5 1 4.0 1 4.5 1 n!$ 

Figure 4 is a copy of the record made by the pyrheli- 
ometer on July 11, 1924. The up er trace is a record of 

on a horizontal surface. The lower curve is drawn 
through records of sky radiation only, obtained by 
shading the pyrheliometer from direct sunlight. Verti- 
cal rows of dots were made on the record sheet at 6 a. m. 
and 6 p. m., ap arent time, or about 6:13 a. m. and 
p. m., 75th mml ian  time. They show that the register 
clock was faster than a parent time, and gaining. 
In figure 5 are repro B uced three record traces made a t  

the Weather Bureau Observatory, University of Chicago, 
in October, 1923. October 23 was a cloudless day, with 
a moderate northeast wind from off Lake Michigan, 
about a mile distant, which blew away the cit smoke. 

wind from the northwest in the morning. The station 
records state that (‘Dense city smoke prevailed until 
10:30 a. m. (10:51 ap arent time), when it was swept 

ob’ects not visible muc.h in excess of one-ei htli of 8 

sion in the record is greatest, the radiation intensity 
averaged 24 per cent ns great as during the same hour 
on the 23d. 

On October 26 the observer’s notes read: (( Dense city 
smoke during {orenoon. Sky overcast with clouds. 
Light rain after 2:43 p. m.” 
As we would ex ect, com arisons of individual series of 

photometric rea J ngs wit{ the pyrheliometric record 
show large departures from the mean results given in 
Table 3. Thus, from the photometric readings made a t  
about 7:48, 8:31, 951, and 11:48 a. m., July 11, 1924, we 
obtain for the ratio 

the total (direct solar + diffuse s E y) radiation received 

October 22 was also a cloudness day, but wit r 1 a light 

away by the wind shi P tinge to the northeast. Standing 

m’ d e.’’ Between 10 a. m. and 11 a. m., when t a e depres- 

. . . . -. Illumination -. __ .. - intensity - __ - (F. C.) 
Radia tion intensity (gr.-cal. /min .cm.’) 

consecpence, 
than is indicated by Curve VII. Therefore, the rat.ios 
as found may be correct; but in comparisons of skyli lit 

error in both the pyrheliometric and the photometer 
readings. 

intensity we must take into account a large proba % le 

When dense clouds cover the sky so that the radiatioq 
‘intensity is perhaps even less than that from a clear sky 
the ratio of illumination intensity to radiation intensity 
is likewise abnormally high. The mean of 13 series of 
comparisons between illumination and radiation inten- 
sities with a completely overcast sky gives for the above 
ratio the value 7440. 

Curve VI1 in Figure 1 indicates that for clear sky the 
ratio 

Illumination intensity 
Radiation intensity 
---- 

should be lower than for direct solar radiation. Priest’s 
color temperatures of sk light, already referred to, give 

is small. 
a like indication, althoug K m t h  cloudy skies the difference 

CONCLUBIONB 

With cloudless skies the illumination equivalents of 
Table 3 when applied to radiation intensities should ive 
dayli ht intensities with an accurac comparable to &at 
of or d inary photometric readings. h e  factor 6700 will, 
on an average, ive the daylight intensity withink5 per 
cent giving too 9 ow intensities near noon in suminer and 
too &.i h intensities when the sun is near the horizon. 

Wit!& the s v  covered with clouds the factor averages 
higher, probab y not far from 7,000. 

a-/, €7f. 1 : ss/ . b d 6  
APPLICATION OF SCHUSTER’S PERIODOGRAM TO 

LONG RAINFALL RECORDS, BEGINNINQ 1748 
By DINSYORE ALTER 

(University of K a q  Nov., 2024) 

The present paper is an extension of work on rainfall 
eriodicities carried on during the past four years(1). 

f n  the previous papers a single short periodicity was 
investigated. In the present a er the investigation is 
carried to longer periods to wficg a much more general 
method of analysis must be applied. 

Of the various methods that have been pro osed in 
the search for hidden periodicities, that formufated by 
Schuster (2) and used by him in a search for periods in the 
Greenwich magnetic data, soem the most practical for 
ap lication to this roblem. 

of arbitrarily selected periods, throug the data in suci 
manner as best to re resent them b each. These 

intermediate ones untried that can have a large final 
disagreement in phase from the next neighboring one 
chosen for examination. The second art of themethod 

ordinates of another curve whose abscissae are the periods 
so chosen. This last curve he calls the period0 ram. 

Suppose aperiod to be tned of length equal to n times 
the time mterval (Y between successive observations. 
The h t  n data valuea are then written as a row, each 
heading B column. The next n values then form t,he 
second row of these 1~ columns, etc, until all observa- 

not enough data left to form another corn lete row. In 

in the second the sum may be used instead. The first 
case has a slight theoretical disadvanta e in that columns 

equal weight. Schuster used the second dternative, 
although it involves the neglect of considerable data 

g 8chuster’s rnetho il consista, first, of assing sine curvm 

periods must be so clos s y chosen that t i ere shall be no 

consists of plotting the intensities o P these curves as 

The method of obtaining these sine curves is as 9 ollows: 

tions have been used or, 8s is often done, unti .P there are 

the h t  case the average value of each co Y umn is taken, 

of slightly different weight are consi % ered as being of 
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xhen long periods are being investigated. 
the column aver es are used. 

Schuster defines 

In this paper 

Let any one o T the sums of the n columns be &,. 

2*m B = $,,, sin -- t 
2rm A = S COS 7 

S = (Aa + Ba) P 
If we defme averages instead of sums, a. +,,, we must 

then define 
I = - -  A 2  + B 

q 2 a ! a  

since S determined by the former equation would increase 
as the s uare of the period esamined. 

the mean value of I. The probability, then, of obtain- 
He de P nes as h the ratio between I of any period and 

Ro. l.-Periodogram from years 1-80 and 46-125 of flctltfous data 

ing a given value of h, or larger, by accident is l/&. 
About one computed value of h out of a thousand should 
be as large as seven by mere accident, and about one out 
of a &on as large as 14. 

Although Schuster has brought out analytically the 
limitations of the periodogram in resolving power, these 
are lar er than is often recognized and it may be well to 

values of fictitious data have been computed from two 
sine curves, at phase zero, together at the year 1, of 
equal amplitude3 and of eriods 16 and 20 years-a 
case much simpler than A be met in actual investiga- 
tions and, therefore, giving 8 smaller range of uncertainty 
to deductions from the periodogram. The irregular 
curve obtained by adding these componenta repeats 
itself every 80 years. Periodograms have been computed 
from two 80-year intervals; i. e., from years 1-80 and 
46-125. The data are iven in Table 1 and the periodo- 
grams in Table 2 an2 Figure 1. Exactly the same 
shape of curve has given each of these 
The data have merely begun in one lace or one and in 

periodograms for periods below 15 and above 23 are very 
small, rapidly approaching zero, the values of h a t  the 
peaks are very large and would, on our criterion of robe  
bilities, indicate true periods. Yet one perio a ogani 
tells us that there is  but one period of about 17% years, 
the other that there are two, of 15% and 21 years, 
these despite the fact that in this case we h o w  that 
there are two of 16 and of 20 years. Hmeuer, the peri- 
d o p m  76as value even in these cm.98 for it tells uf, that 
there are one OT more true periodkities in thig general 
reqion, even though it can not loeds t hem accurately. 
Evidently no period of length na! making p / n  cycles in the 

show t B em by.8 numerical example. For this purpose 

periodograrns- 
another place for the other. Since t% e ordinates of these 

drrta can be located more certainly than within a range t 
na a! such that r > - How much greater T must be than P-n. 

purely marine or purely continental and to avoid such 
places as the central part of the United States, where it 
is mixed, with no great preponderance of the one type over 
the other. Before combinin different stations each 
year's data have been reducefto the percentage of nor- 
mal which fell in that year, in order that the omission of 
years from some one station may not give a record lack- 
ing too much in homo eneit to be useful. Such lack of 

data by the weather bureaus of the United States and 
of other countries. In the case of monthly data there 
is the additional necessity of. eliminating the seasonal 
variation. Usable recorda were found in northern Eu- 
rope, eastern United States, California and Or on and 
in India. From the Indian data that of t h e x k j a b  
which is almost urely continental, was chosen. Thesd 

In  northern Europe it has been possible to compile a 
record of 173 years, during the great majority of which 
time three or more scattered stations are available. It 

zed that the weights of the early records are less 
is than recoy t ose of the later ones both because of the fewer 
stations available and also because, presumabl , more 
care has been exercised recently. However, w E en one 
considers the question of adjuatmg weights he sees that 
any arbitrar scheme is open to objections. It has, there- 

years as of equal weight. The periodopam from t%ese 
data should locate fairly accurately enods of less than 

shorter t % an 40 years. 
In  the eastern United States there are available 17 

station records, extendin back at least to 1840, which 

States Weather Bureau. I have not found any lo 
New England records. These, reduced to percentages o 
normal, me ven as Table 4 and as Figure 3, with their 

a very valuable record of 103 years, second in weight only 
to that of northern Euro e. 

Mr. Beah and Mr. 8 ells, State section directors of 
California and of Oregon, respectively, have sent me eight 
l o w  records, of which the percentages of normal form 
Tagle 5 and Figure 4. These give a 73-year record from 
which to form a periodogram. 

In the Pun'ab a 56- ear record, given as Table 6 and 

Although not used in t,his paper md, therefore, omitted 
from the tables, the author has the monthly values of 
rainfall for each station used. Some of these can be found 
in the tables of the earlier paper mentioned above. 

data is an unavoidabe 7 9  de ect in the compilations of 

records form Tab P ea 3-6 and Figures 2-5. 

fore, seeme B best here to make a solution considerin alI 

10 to 15 ears and tell us something a ! out longer periods 

have been sent to me by 8 rofeasor Talman, of the United 

s 
mean in tvhe f ast column of the table. The mean forms 

Figure 5, has il een used 
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This search falls naturally into four parts, of which this (e) Periodieities between two and four years.-At about 
pa er resents t.he first: 

fI.1 $eeriodicities greater than eight yews.-For such necessary to use data given at  more requent intervals. 
penods yearly values of data are sufficient and the ap- 

f a year makes it 
four years the change in phase durin 

For this range quarterly values will suffice. 

1740 '50 '80 '90 1800 'lO__I20 '30 '40 '50 '60 '70 ' t  

i 

I I I 

FIG. ?.-Rainf:ill of northern Europe 

1 '90 1900 '10 "i 
I- 

* 
proximate and rather rapid method of calculation wherein 
a value is averaged or repeated in order to obtain non- 
int ral periods is entirely satisfactory. 8 Periodicities between a.pproximutely -four an,d ciqht 

.-Yearly values of clnta are still satisfactory, but in 
y;::in,-. the tables for the computation of I the approxi- 
mation involved in repenting or averaging a pear can not 

((1) Periodicilies between m e  and turn yearP.-Monthly 
vduea of data shonld be used. 

The periodogrzim of northern Europe has, of course, a 
much greo.t,cr weight than that from any other region. 
Short periods can be determined with greater accuracy? 
while longcr periods can he determined than is the case 
with t.hc shortcr records. Three features are seen t.0 

be used. The tabulation of data in (t column assunies 
that all the vdues are in the same phase. There will, 
however, when the device described abnve is used, often 
he half a phase departure from the prnper plncc. If 
eight places are computed for the cycle, data will some- 
times be d'splaced as much as 82.5O. This hcgins to  

accurately the phase of each datum d i e .  This in- 
creases the work very much. 

count and ! or such iieriods it is necessnr to computc 

stand out in this periodogram, which is shown as Table 7 
and Figure 6. First in importance is the very low inten- 
sit7 between 103% and 14 years: second is the very hivh 
int,ensity from 15 to 16 years; and third, the moderat& 
hi$i intensity near 10 yeaw. The peak near 15 years 
wit,li h=5.%3 is high enough to suggest that even without 
corroboration froin other sections we may begin to con- 
sider the possibility of its existence as due to other than 
fortuitous causes. If it be real, its true length may, as 
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seen above, due to the limitation of the method, bc any- 9 and Fi ure 8. A third time we find that the 11- ear 

The eriodo uIn of the eastern United States, siiown normal very soon thereafter. From 9 to 10 years the 
where between 14 and 18 years. period fa !i s to appear, although the intensity riaea a g ove 

1860 '70 '80 '90 1900 '10'; 
as Tab P r  e S an Fi-aure 7, stands nest in weight. Here 

I r 

i f  

160 

15c1 
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100 

90 

80 

70 

60 

50 
Fw. I.--Rainfnll nl  rirlifornin an4 Oregnii 

P r I 

FIG. S.-Rdnlnll of the PunJnb, Indln again, we find entirely negative evidence concerning the 
Thc period of stron est intensity is 11-year yripd. 

found to e in very close agreement wit that of second 
intensity for northern Europe. The second peak falls 

intensity is large, h reaching 4.47 for 9% ears. From 
11% to 15 ears the intensity is continual y above nor- 
mal, possiby suggesting a blend of two periods aa in 

f r 5 

FIG. 6.-Rninfall periodogrnm lor northern Europe. 174&1820 

at 14% years with a range of fully two ears in uncer- 

European data. 
The eriodogram of next weight is that from the 73- 

years' C f  ata of the PacZc coast. This is shown as Table 

Figure 2. It also rises very slightly above pormal once 

T h e  data of least wei ht  are those from the Punjab, 
more at  15% years. 

shown as Table 10 ahd igure 9, where only 56 years are 
available. This periodogram agrees very closely with 

tainty, overlapping the primary peak o s the northern 

d 
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the much longer record from northern Euro e, except 

large values of h. The 11-year period is entirely absent. 

Nothing more is 
that it is impossible from such a short recor (Q to obtain that one or more 

8 10 12 14 16 18 20 22 24 26 

100 

0 
Fio. 7.-Rainfall periodogram for eartern United States, 1820-18?? 

The highest intensities are found in the regions near 10 
and between 14 and 17 ears. 

seem to show dafinitely that a simp e 11-year period Y These results from wi B ely separated arts of the world 

8 10 12 14 16 18 
I I I I I I 

1000 

500 

0 
FIO. S.-Rainhll periodogram for California snil Oregon, 18.50-111”? 

does not exist. However, sonie such period practicallyhas 
Douglass (3). The conclusion, then, must 

peripd is either a complex mean from 
penodicities or else a variable cyc1e.l 

~ these longer ones. 
My thanks are due to the research committee of 

the University of Kansas for a grant under which part 
of the computing was done. 

8 10 12 1 4 1 G  18 
r--r-r---~ r--i 

FIG. O.-Rainfall perlodogram for the Punlab, India, 1863-1918 

1 The point may well be emphfaid that ex lence has shown I t  to be much mom 
diiacnlt to discern periodiciti on the basis of&!ipitation d a b  than on the basis of 
tem raturedata. 

TEt the Il-yearcycle Is variable, snd a sternatically so le a principal thesis of a pa er 
bp a. w. Clough. of the united states keather B U ~ A ,  entltied: “A systematir31~ 
varylng 
See M O . T E A T ~ R  REV., Bepkmher, 1E4. Reprints of this paper are availah!e. 

iod with an aver8 e length of 28months in weather and solar phenomena. 

~~ ~ _ _ _ _ _ ~  

Of the greatest signiflmoce also, In this connectloo, is the paper by A. A. Mlchebon 
llD~terminatiq? of periol!lclties by the harmonic 8 d Y S e I  with an 8p icatlon to th6 

On g. 273: 41$wlll probably snn-spot cycle, In Astrophya. Jour., 38! 1913, pp. W 8 4 .  
be found p a j  even the 11-year period P In fact not COUStant, Ut i s  subject tosecular 
change; *.“-B. P. V. 
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TABLE l.-Fictitious d d a ,  sum of two sine curties of arriplilurle 10 
and prrioda of 16 arid 20 years 

Climatic cycles and tree growth. 

Pear 

4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
23 
23 
?.I 
25 
21i 
37 
2s 
29 
30 
31 
32 
83 
34 
35 
36 
37 
38 
39 
40 

l a n d  81 
2 82 
3 8 3  

81 
85 
80 
87 
88 
RR -. 
90 
91 
92 
93 
94 
95 
9fi 
97 
98 w 

100 
101 
102 
103 
101 
105 
101; 
1Oi 
1W 
1OY 
110 
111 
112 
113 
111 
115 
116 
117 
118 
119 
120 

115 
146 
147 
148 
110 
I50 
151 
152 
153 
151 
155 
15E 
157 
158 
159 
160 

0.01 
-0.7 
-1.2 
-1.1 
-0.5 +o. 8 
+2 1 
+4.3 
+5.9 
+6.9 
+7.1 
+6. 1 
+4. 1 
+l. 1 
-3.4 
-6.2 
-9.5 
-11.9 
-13.0 
-12.3 
-10.0 
-6. 1 
-1.3 
+4.3 
+9.5 
+13.8 
+1G. 6 
4-17.3 
4-15.9 
+I2 3 
+7. 1 +o. 7 
-5.9 
-11.9 
-16.6 
-19.2 
-19.5 
-17.3 
-13.0 
-6.9 

TABLE ?.-Fictitious data of periods 16 and 20 yews 
PERIODOQRAM FROM T E A R S  1-80 

j Period 

I y e m  

479 
2512 
2455 
737 
14 

1071 
2522 
3018 
2i.10 

-197 
+394 
+is2 
+BO 
+13 
+a9 
+IN 
+95a 
+445 

PERIODOGRAM FROM YEARS 16-125 

921 -372 -251 
2480 -730 +A04 
XAM 1 -571 I -825 
-1030 4-399 +Io05 

TABLE 3.1-Percentages of rainfall i n  northern Europe 

[Bee Table 111 
__ . .- 

I 

Year I 
3 

- 

.. 
0 a 
-2 - 
____. _-__. 
100 
101 
122 
101 
119 
124 
117 
99 
Y2 
122 
138 
84 
91 
108 

CM 
76 

10i 
108 
74 
97 
92 
96 
101 
70 

97 
E 3  
74 
93 w 
108 
66 
101 
95 

115 
95 
83 
99 
94 
112 
136 
80 
114 
113 
70 
139 
85 

_---. 

: 

_ _ _ _ _  
_-__. 
_--_. ___-. 
81 
101 
104 
103 
114 
88 
95 
74 
71 
9s 
101 
74 
87 

125 
103 
87 
115 
100 
116 
66 
81 
89 
86 
68 
76 
92 
114 
117 
69 
90 

?os 
96 

78 

__ 
8 

s 
g 
E 

.- .- a 

- 
---. 

.___. ._-- 

.__-. 

98 
90 
110 
113 
92 
120 
96 
104 
116 
72 
83 
90 
81 
82 
71 
102 
117 
138 
94 
115 
1% 
121 

123 
90 

1% 
w 
lli 
131 
113 
85 
113 
140 
120 
113 
123 
110 
115 
98 
80 
106 
74 
85 
100 
110 
111 
gY 

101) 
80 
68 
80 
105 
118 
111 
99 

im 

1 Fny rlzta on lengths or periods. sourwJ. etc., used in Tahles 3, 4, and 5, see Table 11, 

1 Be:lnnixi- v i th  Ha3 Warsan is su!atiluted. 
4 Heginning &itti lgil the nlcm of Ihnlsh t.nwns is suhrtituted. 

i,iIowifig. 
From 18t;l-lSlli nionn ~f ihic  from Swrdish toanr is used. 
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0 

d 
B 

-__  --_ _ _ _  _ _ _  
-__ _ _ _  _ _ _  _ _ _  _ _ _  _ _ _  _ _ _  _ _ _  - -_ 
59 

111 
86 

84 w 
121 
94 
62 
1M 
117 
103 
127 

96 
110 
117 
loo 
105 
139 
75 
96 
70 
76 

118 _ _ _  __ -  
iii 
82 

In2 
O i  
ml 
87 

131 
109 

102 
99 
75 
i R  

112 
93 

111 
1M! 
85 
73 
97 

119 
99 

137 
118 
1w 
91 

110 
101 
I l i  
98 

140 
104 
107 
92 

70 
97 

iin 
iin 
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- 

-- !ii! 
1m 
81 
72 

110 
105 
72 

100 
97 
65 
El 

105 
89 

la5 
87 

9 6 6 7  
99 
92 

8 3 8 3  
93 

103 
91 
96 
92 
96 

105 
100 
108 

8 . 1 8 8  
92 

108 
1OU 
98 
98 

113 
85 

100 
94 
93 
99 
85 

104 
105 

91 
95 

102 
102 
84 

115 
08 

105 
112 
100 
98 

115 
1M 
108 
114 
108 
I14 
9G 

la3 
102 
IO5 
108 
105 
Irn 
101 
95 

106 
107 
109 
99 
99 

102 
8 8 8 3  

86 
93 

113 

io1 
111 

TABLE 3.-Percentages of rainfall in northern Europe-Continue d 
- 

I z 
- 
laC w w 
lo; 
91 

104 
9s 

114 
I 
9: 

10f 
81 

1Z 
lo( 
111 
81 

104 
'19 
79 

1OC 
104 
74 
79 
63 
75 
97 
97 
93 
88 
83 
82 

100 
109 
87 
80 
89 

107 
121 
134 
110 
102 
100 
125 
110 
93 

102 
104 
63 
91 
92 
99 

.___. 

,___ .  

_--. 
___. 
---. -_-. ___. 

- 

t 
V 

8: 
& 

13' 
71 

12 
111 
1 2  
9: 
8( 

101 
1M 
10: 
10: 
11I 
SI 
9l 
8( 

10: 
6! 
71 

1Oi 
lo: 
101 w 
I 
91 

121 
117 
1oc 
93 
81 
84 

124 
105 

100 
119 
108 
102 
112 
90 

118 
93 
99 
93 
87 
80 

108 
6.1 
97 

110 
92 
94 

100 
99 
92 

100 
120 
92 

112 
95 
91 

115 
96 

102 
98 
94 
97 

105 
114 
109 
118 
92 

103 
96 

123 
96 
98 
97 

I10 

- 

7a 

ga 
ga 

-. 

- 
m 

K 
G 
3 

-- 
11. 
8 

8 
10 
8 
D 

10 
71 

13 

9, 
71 

141 
11 
6 
8 
91 
9 
71 

1M 
12: 
8. 
0 
8! 
7: 

11: 
1Oi 
8L 

lo: 
9i 
8( 
9; 

121 
91 
85 

102 
1W 
13 1 
97 la 

108 
99 

104 
88 
71 
9t 

111 
74 

103 
87 
85 

121 
81 
79 

120 
103 
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TABLE 4.-Percsntags of rainfdl in emtern United States-Con. TABLE S.-Percentages of annual rainfall in Pacijic Cocast States-Con 
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